Oligosaccharides consisting of different monosaccharides not only make an excellent source of food, but also provide for opportunities for glycobiological studies. [1] [2] [3] [4] [5] Efficient synthetic routes for the oligosaccharides have become more interesting. Oligosaccharides undergo complex chemical synthesis. They requires several protection and deprotection steps due to the presence of multiple hydroxyl groups of similar reactivity. 6) Alternatively, enzymatic synthesis of these saccharides has become, a very powerful method over the last ten years. [7] [8] [9] Glycosyltransferases and glycosidases are two kinds of enzymes that have been used for the enzymatic production of oligosaccharides. Glycosyltransferases show the excellent regioselectivity, but are hampered by their instability, limited availability, and the need for expensive substrates. 10, 11) In contrast, glycosidase is more stabile, available and uses a simple glycoside donor to make it suitable for synthetic purposes. 12, 13) Moreover, it also induces high stereoselectivity. [14] [15] [16] Therefore, glycosidase, as an important catalyst in a variety of synthetic applications, has been used for the preparation of a broad range of oligosaccharides. [17] [18] [19] [20] [21] However, the synthetic yield by glycosidases is often relatively low. [22] [23] [24] We have previously purified one glycosidase (G I) from the China white jade snail. 25) G I transforms the glucosyl, fucosyl and galactosyl groups from pNPGlu (or cellobiose), pNPFuc and pNPGal, respectively, to various alcohols, leading to the formation of alkyl-glycosides. G I has exhibited extraordinarily broad substrate specificity for both hydrolysis and transglycosylation reactions. This study further investigates the oligosaccharide synthesis capability and transglycosylation properties with various sugars as acceptors. The study focuses on the acceptor specificity and transfer efficiency of the transglycosylation reaction. The results indicate that G I has broad acceptor specificity and high efficiency for transglycosylation. These unique properties make G I a good enzyme for use in disaccharide synthesis.
Materials and Methods
Special chemicals. p-Nitrophenyl--D-glucopyranoside (pNPGlu), p-nitrophenyl--D-fucopyranoside (pNPFuc), p-nitrophenyl--D-galactopyranoside (pNPGal) and some disaccharides (cellobiose, maltose, trehalose, sorphorose, gentiobiose, sucrose and lactose) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glucose (Glc), fucose (Fuc), fructose (Fru), galactose (Gal), mannose (Man), and xylose (Xyl) were obtained from J&K (Beijing, China). Acetonitrile (HPLC grade) was obtained from Tedia (Fairfield, USA), and Milli-Q water was employed. The general chemicals used were of AR grade.
Enzyme source. G I was purified from acetone powder of the viscera of the China white jade snail which was purchased from JingKeHongDa Biotechnology Co., China. It was used as the source of -glycosidase. The purification process was performed according to a previously described method.
25) The final product was homogeneous by a polyacrylamide gel electrophoretic analysis under non-denaturing and denaturing conditions. Enzyme assays. The -glycosidase activity was routinely assayed by using a reaction mixture (total volume of 0.3 ml) containing 0.02 ml of y To whom correspondence should be addressed. Tel: +86-411-84379317; Fax: +86-411-84676961; E-mail: yling@dicp.ac.cn Abbreviations: pNPGlu, p-nitrophenyl--D-glucopyranoside; pNPFuc, p-nitrophenyl--D-fucopyranoside; pNPGal, p-nitrophenyl--D-galactopyranoside; pNP, p-nitrophenol a 10 mM substrate (pNPGlu and pNPFuc), 0.26 ml of a 50 mM citratephosphate buffer (pH 5.5), and 0.02 ml of the enzyme (0.005 U). After incubating at 40 C for 20 min, the reaction was stopped by the addition of 0.25 M NaOH (1.5 ml). The absorbance was measured at 405 nm with a UV-Vis spectrophotometer (Jasco V-530, Japan). 26) A reference cuvette containing all reactants except the enzyme was subjected to the same treatment as the investigated samples. One unit of enzyme activity is defined as the amount of enzyme liberating 1 mmol of p-nitrophenol (pNP) per minute under these conditions with pNPFuc as the substrate.
Effect of monosaccharides on G I. The enzyme activity was examined with pNPFuc or pNPGlu as the substrate in the reaction mixture in the presence of various monosaccharides at different concentrations. The residual activity was measured at 40 C, and the activities assayed in the absence of a monosaccharide were taken as 100%.
Transglycosylation activity assay. The transglycosylation reactions were studied essentially under conditions of non-initial velocity. In a typical experiment, the reaction was performed at 40 C in 150 ml of a mixture that contained a 100 mM citrate-phosphate buffer (pH 5.5), 10 mM of a glycosyl donor (pNPGlu, pNPFuc or pNPGal), and 20 mM of a glycosyl acceptor (monosaccharide and disaccharide). After preheating the mixture at 40 C for 5 min, the reaction was initiated by adding 20 ml of a 20-fold condensed enzyme (0.1 U) for 2 h, and stopped by boiling for 5 min. The products were analyzed by thin-layer chromatography (TLC) and ultra-fast liquid chromatography/mass spectrometry (UFLC/MS) after centrifugation (13;600 Â g, 10 min, 4 C). To analyze the transglycosylation yield, the experiments were performed at 40 C in 1 ml of a reaction mixture that contained a 100 mM citrate-phosphate buffer (pH 5.5), 10 mM pNPFuc (fucosyl donor), 100 mM glucose or xylose (glycosyl acceptor) and 0.1 U of the enzyme. Aliquots of the reaction mixture (100 ml) were withdrawn at relevant time intervals, and the produced fucose was quantitatively analyzed by UFLC/MS.
Isolation of fucosyl-glucose and structural analysis. Glucose (100 mM) and pNPFuc (10 mM) were incubated at 40 C for 2 h in 5 ml of a 100 mM citrate-phosphate buffer (pH 5.5) containing 0.5 U of G I. The reaction was monitored by TLC. The substrate was fully used up after 4 h. Purification of the disaccharide was achieved in a charcoal-Celite column (10 Â 2:0 cm), using stepwise elution with different concentrations of ethanol ranging from 5% to 25%. The disaccharide was eluted with 15% ethanol, dried and then weighed (4.9 mg).
Analytical methods. TLC was performed on silica gel 60 F 254 plate (Merck, Germany) with 1-propanol:H 2 O (85:15, v/v) as the developer and detected by soaking rapidly in methanol containing 10% (v/v) sulfuric acid. It was then heated at 110 C for a few minutes. UFLC analyses were performed with a Shimadzu (Kyoto, Japan) Prominence UFLC system equipped with a CBM-20A communications bus module, an SIL-20ACHT autosampler, two LC-20AD pumps, a DGU-20A3 vacuum degasser, a CTO-20AC column oven and an SPD-M20A detector. The Shim-pack XR-ODS (100 mm Â 2.0 mm, 2.2 mm, Shimadzu) analytical column was kept at 40 C. The mobile phase consisted of water (A) and CH 3 CN (B). Gradient elution was carried out as follows: 0-3 min, 100% A; 3-10 min, 100%-5% A; 10-14 min, balance to 100% A. The flow rate was 0.3 ml/min. Ten ml was injected with the scan wavelength set at 200 nm. Mass detection was performed with a Shimadzu LCMS-2010EV instrument with an electrospray ionization (ESI) interface operated in the negative ion mode from m=z 100 to 600. The detector voltage was set at 1.55 kV. The curved desolvation line (CDL) and heat block temperatures for the analysis were both set at 250 C. The nebulizer gas flow was 1.5 l/min, and the drying gas (N 2 ) pressure was 0.06 MPa. Data acquisition was carried out by LCMS solution version 3.41 software. Fucose production was quantitatively analyzed by the UFLC/MS method. The ion
À (199.0) was stable and selected for the quantitative analysis of fucose. The quantified amount was calculated from calibration curves created by fucose standards. The equation was y ¼ 255132x þ 441921 (r 2 ¼ 0:9961), where x represents the concentration of fucose and y represents the peak area of fucose. The accuracy and precision of the back-calculated values for each concentration were better than 15%. Nuclear magnetic resonance spectroscopy (NMR) 1 H (400 MHz), 13 C (100 MHz), heteronuclear multiple quantum coherence spectrum (HMQC) and heteronuclear multiple bond coherence spectrum (HMBC) were recorded with an INOVA 400 M spectrometer (Varian USA). The sample was dissolved in deuterium oxide.
Results and Discussion
Transglycosylation activity In our previous research, we found that G I had broad donor specificity. We used pNPFuc, pNPGlu and pNPGal as the donors to synthesize various alkylglycosides. 25) In this present study, we used pNPFuc and pNPGlu as the substrate to further investigate the effect of various monosaccharides on the enzyme activity. Enhanced enzyme activity was observed in the presence of various monosaccharides when the amount of pNP released was monitored (Table 1) .
In all the reactions that contained a monosaccharide, the enhancement of activity for -fucosidase was always greater than that for -glucosidase activity in the presence of a monosaccharide. The enzyme activity towards pNPFuc could be markedly enhanced (2-4-fold) and the activity increase was in proportion to the concentration of sugar, up to 10 mM, whereas, when G I was incubated with pNPGlu in the presence of a monosaccharide, a slight increase in the release of pNP was detected. The extent of the enhancement varied with different monosaccharide acceptors and was in the following order of Xyl > Glc > Man > Gal > Fuc > Fru. It has previously been reported that oneglycosidase from Thermus thermophilus and another glycosidase from Bifidobacterium berve clb also displayed increased fucosidase activity in the presence of glucose by detecting the formation of pNP. 27, 28) Two additional glucosidases from the microorganism exhibited similar properties. 29, 30) The increased release of pNP by adding a monosaccharide may have been due to a transglycosylation reaction. The difference between pNPGlu and pNPFuc in the increased release of pNP might have been due to the different transglycosylation efficiency with different donors and acceptors. G I might prefer to accept pNPFuc as the sugar donor rather than pNPGlu. To verify whether or not G I could catalyze the transglycosylation reaction with a monosaccharide as the acceptor, the transglycosylation products were directly measured.
The transglycosylation activity and acceptor specificity of G I were investigated by using pNPFuc and pNPGlu as the donors and different sugars as the acceptors. The transfer products acquired from each acceptor were identified by TLC and mass spectrometry. In all the reactions that contained a monosaccharide, an additional spot showing the mobility with a low Rf value on TLC was detected, in addition to the bands of the hydrolysis product and sugar acceptor. The additional spot was deemed to be a transfer product (disaccharide), since it was not detected in the reaction without a monosaccharide (Fig. 1) . The transglycosylation products were also indentified by mass spectrometry and corresponded to the calculated molecular masses for 2H 2 O adducts of the fucose/glucose-transferred acceptor substrates (Fig. 2) .
We also investigated the transglycosylation activity with pNPGal as the donor by TLC and MS analyses. However, the spots of the transfer products were not clear, although the MS analysis could give a molecular mass corresponding to the expected disaccharide (data not shown). The results indicate that G I also exhibited low transglycosylation activity with pNPGal as the donor. However, no transfer products were apparent with the tested disasaccharides (cellobiose, maltose, sucrose and lactose) as the acceptors, indicating that the acceptor binding site of G I did not recognize a disaccharide molecule. Some glycosidases with transglycosylation activity have been reported to accept disaccharides as the acceptors in the synthesis of some oligosaccharides that were larger than trimers. 31, 32) However, the transfer products were a polysaccharide mixture including trisaccharides, tetrasaccharide, pentasaccharides and larger oligosaccharides, which needed at least one additional isolation step to obtain the individual oligosaccharide. Although G I could only accept monosaccharide acceptors, it could be a useful tool in the production of some heterodisaccharides containing different monosaccharides due to its broad monosaccharide acceptor specificity. Moreover, some transfer products, such as fucosyl-glucose and fucosylxylose, might be valuable as Bifidus factors. 21, 27) Isolation of fucosyl-glucose and structural analysis The transfer products of the reaction, using pNPFuc and glucose as the donor and acceptor, were identified by TLC and MS. The isolated transfer product gave a single spot on TLC and its molecular mass was determined to be 326 Da by ESI-MS, implying that the transfer product was fucosyl-glucose. Next, 1 H-NMR and 13 C-NMR analyses were carried out to determine the glycosidic linkage between the two glycosyl groups ( Table 2) . The 1 H-NMR (400 MHz) spectrum of the transfer product shows a fucosyl methyl signal ( 1.11, d, J ¼ 6:4 Hz), fucosyl and glucosyl group proton ring signals ( 3.14-4.10), two anomeric proton signals forfucoside ( 4.24, 4.26, each d, J ¼ 7:7 Hz) and -andglucoside ( 4.49, d, J ¼ 8:0 Hz, -form and 5.05, d, J ¼ 3:6 Hz, -form). The coupling constant for the anomeric proton in the fucosyl moiety suggests theconfiguration for the anomeric center. In the 13 C-NMR spectrum, twelve carbon signals were observed as two pairs, due to epimerization of the glucosyl moiety. Fucosylation of glucose showed a large chemical shift at C-6 (7.2 ppm downfield compared with glucose). The 1 -H-detected multiple-bond heteronuclear multiple quantum spectrum showed long-range coupling between the anomeric proton (4.24 ppm) of the fucosyl moiety and the carbon signal (68.9 ppm) at C-6 of the glucosyl moiety. These results confirmed that the transfer product was indeed -fucosyl-(1,6)-glucose as reported previously.
21) It is very interesting that only (1,6) linked disaccharides were synthesized by the transglycosyla- tion reaction of G I. In contrast, D-fucosylglucose synthesized by another enzyme from B. breve 203 was a mixture of isomers with (1,2), (1, 3) , (1, 4) and (1, 6) .
28) The disaccharide produced by a T. thermophilus -D-glycosidase was a major (1,3)-linked disaccharide. 27) This type of regioselectivity might exemplify the use of G I for producing disaccharides involving the -(1,6)-linkage and is worthy of further research. After preparative synthesis and purification of the disaccharide product, the yield expressed as a percentage of the initial concentration in the glycosyl donor was about 31%. The synthesis capacity of G I was equivalent to that of another glycosidase producing disaccharide.
27)

Transglycosylation efficiency
We investigated the transglycosylation efficiency with pNPFuc as the donor and glucose or xylose as the acceptor. However, due to the lack of commercially available disaccharide standards, the precise quantification of the formed disaccharides was difficult. To overcome this, the liberation of both pNP and fucose was followed during the reaction. The production of fucose was measured by the UFLC/MS method mentioned in section 2, and that of pNP was determined spectrophotometrically. In the presence of a glycosyl acceptor, the transglycosylation product could be calculated by the difference between these two values (i.e., less fucose would be produced than pNP). Figure 3 shows that the transglycosylation reactions were largely favored for the hydrolysis reaction.
The yields in the transglycosylation reactions at 40 C under conditions of non-initial velocity could attain 88% and 93% with pNPFuc as glycosyl donors and glucose or xylose as acceptors, respectively. Since the transglycosylation efficiency was virtually dependent on the ability of the acceptor glycoside to compete successfully with water for the enzyme-bound glycone, it is advantageous to carry out the reaction at a high substrate concentration and acceptor-to-donor ratio. However, there are a number of interesting glycoside donors (notably those 6-deoxy sugars like fucose that are not very water soluble), which is likely to explain why few successful transformations of these substrates have been reported in the literature to date. 27, 28) The transfer yields of G I were very high and similar to those from another glycosidase from Thermus thermophilus, 27) Therefore, the reactions of transglycosylation catalyzed by G I might be exploited for preparing disaccharides.
In conclusion, G I exhibited high transglycosylation activity with broad monosaccharide acceptor specificity. It efficiently transferred the glycosyl, fucosyl or galactosyl residue to various monosaccharides. Furthermore, G I produced an attractive yield in the transglycosylation reaction. Combining its broad monosaccharide acceptor specificity and high transfer efficiency, G I could be a promising tool for the synthesis of disaccharides.
A B Fig. 3 . Transglucosylation Efficiency of G I Using Glc (A) or Xyl (B) as the Donor. The experiments were performed at 40 C in 1 ml of a 100 mM sodium acetate-acetic acid buffer (pH 5.5) containing 20 mM pNPFuc (glucosyl donor), 100 mM Glc or Xyl (glycosyl acceptor) and 0.1 U of the enzyme. The transfer efficiency equation is E ¼ ðA pNP À A Fuc Þ=A pNP , where E is the transfer efficiency, A pNP is the amount of produced pNP, and A Fuc is the amount of produced Fuc. Measurements were made in triplicate and each data point represents the mean AE S.D.
